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[57] ABSTRACT 

A vaiifocal lens whose variable focal length can be con- 
trolled by, for example, an electric signal, and suitable for 
use in bar code readers, etc. A varifocal lens comprises a first 
pressure chamber defined between a glass substrate and a 
transparent elastic fihn. The transparent elastic film is faced 
to the surface of the planar glass substrate having parallel 
surfaces with a spacer incorporated therebetween to provide 
the first pressure chamber: A pump is provided adjacent to 
the first pressure chamber via a communicating path for 
charging an operating liquid to the first pressure chamber 
from a second pressure chamber of the pump by electrically 
deforming the transparent elastic film to form a lens having 
a variable focal length. The transparent elastic film has a film 
thicbiess distribution as such to provide a spherical plane in 
the central portion thereof and a third order curved surface 
in the periphery thereof. In this manner, a lens free of 
aberration can be obtained when a liquid is fed into the first 
pressure chamber to form a spherical plane. 

14 Claims, 4 Dravdng Sheets 
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VARIFOCAL LENS 

BACKGROUND OF THE INVEhmON 

The present invention relates to a vanfocal lens which is 5 
controllable in focal length and suitable for use in, for 
example, bar code readers. 

Various types of vanfocal lenses having a controllable 
focal length have been proposed in related ait For instance, 
JP-A-55-36857 (unexamined publication of Japanese patent 10 
application) discloses a structure comprising a functional 
liquid such as silicone oil enclosed in an airtight chamber 
defined between a pair of transparent elastic films faced to 
each other with a predetermined spacing provided therebe- 
tweea In this vaiifocal lens, pressure is applied to the ^5 
operating liquid charged inside the chamber defined between 
the pair of transparent elastic films to deform the transparent 
elastic films into a convex shape. In this maimer, for 
example, a convex lens having a bulged center portion can 
be obtained. 20 

The morphology of such leiu as described above changes 
depending on the rigidity of the transparent elastic films. In 
a case where the flcxiural rigidity is predominant in the 
transparent elastic films, the films mdergo deformation to 
give a fourth order curved plane. In a case where tensile ^ 
strength is predominant, the transparent elastic films deform 
to yield a spherical shape. 

The varifocal lens must have a quick response from the 
viewpoint of making it suitable for various applications. 
Quick response varifocal lenses can be achieved by using a 
highly rigid material. However, because of the pressure 
applied to the operating liquid, the use of transparent elastic 
films made of a rigid material results in the formation of a 
lens having a fourth order curved surface. The formation of 
such a lens leads to the generation of aberrations which 
make it dij^cult to read, for example, bar codes. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a ^ 
varifocal lens having a variable focal length which obviates 
the drawbacks of the conventional varifocal lens. 

It is a further object of the present invention to provide a 
varifocal lens that is controlled by a pressure chamber ^ 
defined by a pair of transparent films and filled with an 
operating liquid which applies pressure to the transpar^t 
films to elastically deform the films, [oovided that the shape 
of the deformed transparent films is optimized in such a 
manner to minimize the lens abeiratioa 

50 

The varifocal lens according to the present invention 
comprises a first and a second transparent films at least one 
of which is made of an elastic material. The first and second 
transparent films are arranged in parallel with each other 
with a predetermined spacing therebetween. The operating 55 
liquid that is sealed inside the chamber has a reficactive index 
equivalent to that of the first and second transparent films. At 
least one of the transparent films made of an elastic material 
is variably deformed by controlling the pressure applied to 
the transparent film using a pumping means to control said ^ 
operating Mquid. Fihn thickness distribution can be set in 
such a manner that the radius of curvature in the center 
portion may differ from that in the peripheral portioa 

In the varifocal lens of the above construction, various 
types of lenses can be provided by changing the shape of the 65 
transparent films, in particular, those made of the elastic 
material. The shape of the transparent films is controlled by 



2 

applying variable pressure according to operating liquid 
placed between the first and the second transparent films. If 
a highly rigid material is used to form the transparent fihn 
made of the elastic material, the deformed film yields a 
fourth order curved shape which leads to the generation of 
lens aberration. However, if the transparent film made of an 
elastic material comprises such a distribution in film thick- 
ness as to yield a radius of curvature in the center portion 
differing from Uiat in the peripheral portion, the film 
deformed into a fourth order curved shape can be modified 
to yield a lens having a variable focal length yet which is free 
of abeirations. 



BRIEF DESCRIPnON OF THE DRAWINGS 

In the accompanying drawings: 

FIOS. lA and iB are schematic views showing a varifocal 
lens according to an embodiment of the present invention, 
FIG. lA being a plan view and FIG. IB being a cross- 
sectional view tiiereof; 

FIG. 2 is a cross sectional view showing the structure of 
a pun^ portion for the operating liquid according to the 
atM)ve embodiment of the present invention; 

FIG. 3 is a cross sectional view for explaning the shape of 
a deformed uransparent elastic film constituting the lens with 
reference to FIGS. lA and IB; 

FIG. 4 is a diagram for explaning the calculation scheme 
for determining the optimal film thickness distribution of a 
transparent elastic film; 

FIG. S is a diagram for explaining the optimal fihn 
thickness distribution derived from the calculation scheme 
with reference to FIG. 4; 

FIGS. 6A to (5C are diagrams showing schematically 
drawn step-sequential cross sectional structures obtained in 
a process for fabricating a transparent elastic fihn having a 
predetermined film thickness distribution; and 

FIG. 7 is a cross sectional view of a varifocal lens 
according to another embodiment of the present invention. 



DETAILED DESCRIPTION OF THE 
FRH'ERRED EMBODIMENTS 

The present invention is described in further detail below 
in terms of presentiy preferred embodiments according to 
the preset invention, with reference to the accompanying 
drawings. It should be understood, however, that the present 
invention is not to be construed as being limited to the 
embodiments described hereinaften 

Referring to FIGS. ILA and IB, a vaiifocal lens according 
to an embodiment conqirises a glass substrate 11 having 
upper and lower planar surfaces parallel with each other, and 
a transparent elastic film 112 provided above a surface of the 
glass aibstrate U with a predetermined gap therefrom. The 
transparent elastic film 12 must be a thin film having a fihn 
thickness distribution such that it may yield a first curved 
plane 1211 in the central portion and a second curved plane 
122 around the peripheral portion of the first curved plane 

m. 

The outer peripheral portion of the transparent elastic film 
12 is joined with the surface of the glass substrate 11 by 
means of a ring-like spacer B nuule of, for example, 
silicone. Thus, a pressure diamber 114 surrounded by the 
spacer 13 is established between tiie glass substrate 11 and 
the transparent elastic film 112. 
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A pump 15 common to the glass substrate M is provided 
adjacent to the pressure chamber 14. Referring to the 
enlarged view shown in FIG, 2, the pump 15 comprises a 
thin elastic film 16 made of an insulator. The outer periphery 
of the elastic film 16 is joined to the outer periphery of a 
yoke 17 which constitutes a magnetic circuit formed into a 
cylindrical vessel having a bottom plane. A pressure cham- 
ber 18 is formed in this manner inside the yoke 17. 

The pressure chamber 18 communicates with the pressure 
chamber 14 defined by the transparent elastic film 12 via a 
communicating path 19. The pressure chambers 14 and 18 
are filled with an operming liquid 20 such as silicone oil, 
having the same refiractive index as that of the transparent 
elastic film 12 and the glass substrate 11. 

The yoke 17 comprises a cylindrical outer peripheral 
portion to which the outer periphery of the elastic film 16 is 
joined, and a center pole provided in such a marmer that the 
front or upper edge thereof may be brought into the vicinity 
of the elastic film 16. As illustrated in the figure, the 
cylindrical outer periphery of the yoke 17 functions as N 
pole, and the center pole functions as S pole. A helical sheet 
coil 21 is formed on the inner surface of the pressure 
chamber 18 of the elastic fihn 16 in such a marmer that the 
center pole may be surrounded thereby. 

A DC electric current is supplied selectively to the sheet 
coil 21. The elastic film 16 undergoes deformation because 
it is attracted to the center pole inside the yoke 17 due to the 
Lorentz's force generated by the interaction between the 
current and the magnetic force of the yoke 17. The volume 
of the pressure chamber 14 is decreased in this marmer. 
Accordingly, the operating liquid 20 is sent from the pres- 
sure chamber 18 to the chamber 14 via the communicating 
path 19 by the pressure applied to the operating liquid 20. 
The transparent elastic film 12 is then pushed upward to 
form curved faces 221 and 222 as shown in FIG. IB. 

The curved faces 221 and 222 then function as a lens. 
Accordingly, laser light 23 radiated thereonto is focused in 
the manner shown in HG. IB. The focal length depends on 
the quantity of the operating liquid 20 that is provided by the 
pump 15. This signifies that the focal length of the lens can 
be controlled by the magnitude of electric current supplied 
to the sheet coil 21 of the pump 15. 

As the pressure of the operating liquid 20 inside the 
pressure chamber 14 increases to deform the transparent 
elastic film 12 to give curved faces 221 and 222, the curved 
surface 221 in the central portion provides a spherical shape 
due to the film thickness distribution of the curved surfaces 
121 and 122. Thus, the lens aberration of a lens formed in 
this manner can be improved over that of a conventional lens 
having no film thickness distribution. This can be seen 
dearly in l^Ie 1 below. 



TABLE 1 





Pxesent Embodintent (1) 




Prior art (0) 


FVe»ure Focal length spot size 


Focal length 


Spot oize 


[Pa) 


imm] 




[nunj 


ban] 


40 


619.8 


63.9 


22J 


202.4 


SO 


495.9 


30.2 


577.5 


201.2 


64 


387J 


31.0 


451.1 


200.9 


70 


333.9 


32,1 


41Z4 


201.4 



(I) With film tMdcness distributioa 
(D) A unlfonn film thidmess of 20 ^ 



The optimal film thiclmess distribution for the transparent 
elastic film 12 is derived as explained below. 

Referring to FIG. 3, consideration is given to a certain 
focus length, for example, 400 mm in this case. The 
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deformed morphology for the transparent elastic film 12 is 
set to an ideal shape. For instance, die central portion of the 
transparent elastic film 12 is considered to have a ^herical 
morphology expressed by Equation (1) below, and the 
peripheral portion thereof is set as a third order curved plane 
expressed by Equation (2) in such a manner that the bound- 
ary conditions may be satisfied in both the spherical plane 
and the peripheral portion. The pressure of the operating 
liquid 20 is set to 54 Pa. 
Equation for the spherical plane: 

y=5R-</^»-J:»)*« (I) 

where R=200 mm (equivalent to £=400 mm) 
Equation for the third order curved plane: 

>=ao+fliXfajX*-Kijx' (2) 

where, 
ao— 0.80064 
a,=0.40032 
a^— O.002505 
a3=2.5xlOr7 

Tbus, a film tiiidoiess distribution is provided as such to 
the transparent elastic film 12 that the deformed shape as 
defined above is realized when pressure is applied to die 
transparent elastic film 12 in the pressure chamber 14 by the 
operating liquid 20. The calculation process is described 
below referring to FIG. 4. 

The calculation process is performed in three steps. The 
first step corresponds to stress analysis. The deformation of 
the transparent elastic film 12 upon application of pressure 
from the operating liquid 20 is analyzed by means of a finite 
element method (FEM). The calculation is initiated on a 
parallel plane transparent elastic filia 

The second step comprises sensitivity analysis. This step 
determines the degree of change in displacement, t.e. the 
differential coeffident for e.g. a nodal point i of die element 
j with a change in film thickness of an element The 
differential coefficient thus obtained is the sensitivity coef- 
ficient The sensitivity ooefBdent is expressed by the partial 
differential shown in Equation (3). The differential coefB- 
cient is obtained for each of the combinations of the element 
j and nodal point i. 

Hie third step comprises the optimization of film thick- 
ness distribution. Consider a case in which die film thickness 
for all of the elements is changed by At^ Then, the defor- 
mation of a nodal point i can be expressed by Equation 
(4) shown in FIG. 4 using the sensitivity coeffident obtained 
in the sensitivity analysis. Thus, optimization is effected in 
such a manner that u^^^ may be equal to the required 
displacement u/^ for a nodal point i. 

Equation (4) shows the requirement for a nodal point i. 
The requirements for all the nodal points can be accommo- 
dated in a matrix or sensitivity coefiSdent equation (5). Thus, 
the displacement of die film thickness by At, can be obtained 
by solving the matrix (5). However, Equation (4) does not 
hold in cases where there is a drastic change in film 
tiuckness, because the equation is based on the assumption 
that the film thickness changes in linear relationship with the 
displacement of the nodal points. In such a case, the trans- 
parent elastic film with the calculated film thickness distri- 
bution is subjected to stress analysis again to obtain the 
displaced shape at the given film thickness distributioa The 
three steps of calculation are repeated until the deformed 
shape converges. 

FIG. 5 shows a transparent elastic film 12 obtained as a 
result of the above calculation. The result is approximated 
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by two polynomials. Thus, the central portion of the trans- 
parent dastic film 12 is expressed approximately by a fourth 
order function shown in Equation (6), and the peripheral 
portion thereof is expressed by a fiitb order function shown 
in Equation (7) below. 5 
Curve A: 



(5 



where, 
ao=1.8472xl(r^ 
a2=-1.5204xicr* 
^=-3.6601x10^ 

Curve B: 
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b3=^1.8134xl(r= 

b^l.5751xl0r3 

b3=-5.3111xl(r^ 

The film thickness distribution thus obtained is for the 
case in which the transparent elastic film 12 is deformed 
ideally under a predetennined pressure. Accordingly, the 
film thickness distribution thus obtained does not guarantee 30 
that the deformed shq>e becomes ideal when the pressure of 
the operating liquid 20 is chariged. Hie results utida- various 
pressures inclusive of the pressure initially set for determin- 
ing the film thickness distribution for the transparent elastic 
film 12 above are described below. 35 

The deformed shapes of the traisparent elastic fihn 12 
under various pressures can be determined by the aforemen- 
tioned stress analysis. A parallel incident beam 8 mm in 
diameter is radiated onto the lens to obtain the spot diam- 
eters listed in 1^)16 1, 40 

Table 1 also shows, as a comparadve e^cample. a case in 
which parallel transparent elastic films are used. The case 
having a film thickness distribution yields a spot diameter of 
30 pm for a focal length in the range of firom about 350 to 
600 mm. This is in good contrast wifli a conventional case 45 
having a uniform film thickness which yields a spot diameto- 
of about 200 ^m for a comparadve focal length. It can be 
seen that the aberradon for a lens having a uniform film 
thickness can be reduced to about one-seventh by introduc- 
ing film thickness distribution. 30 

The film thickness distribution can be obtained in the 
manner described above. A method for providing film thick- 
ness distribution in a transparent elastic fihn 12 is described 
below. Referring to FIG. (5A, a glass (Pyrcx glass) 32 is 
anodically welded to the surface of a silicon wafer 31 that is 55 
provided as the substrate. The silicon wafer 31 and the glass 
32 are each several hundreds of micrometers in thickness. 
The glass 32 is cut and polished thereafter to reduce the 
thickness thereof to a desired value of about several tens of 
micrometers. Hie cutting and polishing of the glass must be 60 
conducted with care so that the parallel planes may be 
maintained. The surface of the resulting^ glass 32 is coated' 
with a positive photoresist 33 at a thickness corresponding 
to the irregularities of the film thickness distribution, and the 
surface of the posidve photoresist 33 is then exposed to light 6S 
via a photomask 34 according to the film thickness distri- 
butioa 



The surface of the positive photoresist 33 can be exposed 
by, for example, two-dimensional scanning a laser light 
while changing the intensity thereof, or by imparting light 
exposure distribution using a dither for the photomask 34. 

The resulting structure subjected to light exposure is 
developed thereafter. Referring to FIG. 6B, it can be seen 
that a curve corresponding to the light exposure distribution 
is formed on the photoresist 33. Dry etching for simulta- 
neously etching both the photoresist 33 and the glass 32 is 
effected after once a curve corresponding to the film thick- 
ness distribution is formed on the photoresist 33. Oxygen 
and CF4 are used as the etchants for the photoresist 33 and 
the glass 32. respectively. Accordingly, the two etchants are 
mixed at a proper mixing ratio and are s^plied at an 
appropriate pressure for dry etching to transfer the curve 
corresponding to the film thickness distribution formed on 
the photoresist 33 onto the glass 32. The silicon wafer 31 is 
then removed from the bade by wet etching using KOH, 
Thus, a transparent elastic film having the predetermined 
film thickness distribution can be formed from glass. 

In the embodiment above, the explanation has been made 
that the glass substrate 11 having a parallel plane faced to the 
transparent elastic film 12 which deforms by the pressure of 
the operatii^ liquid does not undergo deformation. How- 
ever, the substrate portion may be a thin sheet which 
deforms by the pressure of the operating liquid 20. 

Another embodiment based on the concept of a glass 
substrate which undergoes deformation is shown in FIG. 7. . 
The glass substrate faced to Uie transparent elastic fihn 12 
having a film thickness distribution is made of an elastic thin 
film 111 which is provided thin enough to undergo defor- 
matioxL The elastic thin film has parallel planes and has no 
distribution in film thickness. 

The fihn tiuckness distribution of a transparent elastic film 
12 in the present embodiment can be determined in the 
following manner The elastic diin fihn 111 provided as the 
substrate in the present embodiment undergoes morphologi- 
cal change upon application of a pressure by the operating 
liquid 20. However, it deforms not into a spherical shape and 
suffers lens aberration. Accordingly, an ideal deformed 
shape is set for the transparent elastic film 12 having the film 
thickness distribution as such to cancel out die aberration. 
Thus, the calculation scheme explained with reference to 
FIG. 4 can be applied according to die ideal deformed shape. 

As described in the foregoing, the varifocal lens accord- 
ing to the present invention comprises a pressure chamber 
defined by a pair of transparent fihns and charged therein an 
operating liquid, so that the transparent film may be elasti- 
cally deformed by the pressure of the operating liquid and 
thereby control the focus length of the lens. The varifocal 
lens according to the present invention above is character- 
ized in that the deformed sh^e of the transparent film is 
optimized in such a manner tiiat die lens aberration may be 
minimized. Thus, the present invention provides an abenra- 
tion-free varifocal lens whose focal lengdi is variably con- 
trolled by die pressure of the operating liquid. Accordingly, 
die varifocal lcn$ according to the present invention is 
widely applicable to various optical equipments such as bar 
code readers. 

While the invention has been described in detail and with 
reference to specific embodiments thereof, it will be ^par- 
ent to one skilled in the art that various changes and 
modifications can be made therein without departing ftom 
the spirit and scope thereof. 

What is claimed is: 

i. A varifocal leas comprising: 

a first transparent film and a second transparent film, at 
least one of which is made of an elastic material, said 
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films being constructed and arranged so as to have 
peripheral portions thereof sealed to one another and 
central portions thereof spaced firom one another so as 
to define an inner space therebetween; 
an operating liquid disposed Within said inner space and ^ 
having a refractive index equivalent to a common 
refractive index of said first and said second transparent 
films; and 

a deformation controlling structure constructed and 
arranged to control the pressure ^plied to said oper- lO 
ating liquid so as to provide an image-forming optical 
system by deforming said at least one of said transpar- 
ent films, and 

wherein said at least one of said transparent films has a 
thickness distribution such that the central portion 15 
thereof is drcular and has a surface defining a spherical 
plane, such that said peripheral portion thereof has a 
surface defining a third order curved plane with a radius 
of curvature d^ering from that of the central portion, 
and such that said drcular central portion thereof has its 20 
thickness increasing as it extends radially inwardly. 

2. A vaiifocal lens as claimed in claim 1, wherein, said 
deformation controlling structure comprises: 

a casing having an elastic film formed thereon and being 

connected with said iimer space and charged with said 25 

operating liquid; and 
a pressure-applying means which applies pressure to said 

operating liquid inside said casing by displacing said 

elastic film formed on the casing. 

3. A varifocal lens as claimed in claim 2, wherein said 3Q 
pressure-applying means has a structure such that said 
elastic film is displaced by electric current supplied to a coil 
provided on said elastic filni, and the lines of magnetic force 
generated by a magnet provided inside said casing. 

4. A varifocal lens comprising: 

a first transparent film and a second transparent film, at 
least one of which is made of an elastic material, said 
first transparent film and said second transparent film 
having peripheral portions sealed to one another and 
central portions spaced from one another so as to define 
a pressure chamber therebetween; ^ 

an operating liquid disposed within said pressure chamber 
and having a refiractive index equivalent to a common 
refractive index of said first and second transparent 
films; and 

45 

a deformation controlling structure constructed and 
arranged to cantrol a pressure applied to said operating 
liquid introduced into said pressure chamber, thereby 
controlling a variable pressure applied to said at least 
one of said transparent films, 

wherein said at least one of said transparent films has a ^ 
thickness distribution such that the central portion 
thereof is circular and has a surface defining a spherical 
plane, such that said periphend portion thereof has a 
surface defining a third order curved plane with a radius 
of curvature differing from that of the central portion, 
and such that said circular central portion thereof has its 
thickness increasing as it extends radially inwardly. 

5. A varifocal lens as daimed in claim 4. wherdn said film 
thickness distribution of said at least one of transparent films 

is provided as such that a spherical plane may be formed in 60 
the central portion and a third order curved plane is formed 
in the peripheral portion thereof. 

6. A varifocal unit comprising: 
a first member; 

an dastic second member defiriing a chamber with said 
first member, said second member comprising a drcu- 



lar central portion and a peripheral portion surxotmding 
said central portion, said central portion having a 
surface lying in a convex plane and said peripheral 
portion having a surface lying in another plane, 
wherein a boundary between said first and second 
members defines a minimum thickness of said varifocal 
unit; and 

a pressure controlling structure constructed and arranged 

to control a pressure in said chamber; 
said central portion having a thickness which increases as 

it extends in a radially inward direction from said 

boundary; and 
said another plane of said peripheral portion defining a 

third order curved plane different from said convex 

plane. 

7. A varifocal urut according to claim wherein: 

said first and second members are made of transparent 
material; and 

botii said surface of said central portion lying in said 
convex plane and said surface of said peripheral portion 
lying in said another plane of said second member face 
said first membeL 

8. A varifocal unit according to claim wherein: 

said convex plane of said central p(^on defines a portion 
of a sphere. 

9. A varifocal uiut according to claim (S, wherein: 

said convex plane of said central portion defines a non- 
spherical curved plane. 

10. A varifocal unit according to daim 7, wherein: 
said second member has a substantially flat surface oppo- 
site said surfaces facing said first member 

HI A varifocal unit according to claim 6, wherein: 

said pressure controlling structure includes a pump posi- 
tioned outside and communicating with said chamber 
for controlling fluid flow to and from said chamber. 

1L2. A varifocal unit comprising: 

a first member. 

an dastic second member defining a chamber with said 
first member, said second member having a circular 
central portion and a peripheral portion surrounding 
said central portion, said central portion having a 
surface lying in a first curved plane and said peripheral 
portion having a surface lying in a second curved plane 
different from said first curved plane; and 

a pressure controlling structure constructed and arranged 
to control a pressure in said chamber, wherein 
said first and second members are made of transparent 
material; 

a boundary defines the interface between said central 
and peripheral portions of said second member, and 

said central and peripheral portions of said second 
member have thicknesses which increase as they 
extend outwardly away from said boundary therebe- 
tween. 

13. A varifocal unit according to daim 3, wherein: 
said surfaces of said second member lying in said first and 

second curved planes face said first member, and 
an outer surface of said second member opposite said 

surfaces facing said first member lies in a flat plane. 
1L4. A varifocal unit^stxxnding to daim 1L3, wherdn: 
said peripheral portion of said second member is coupled 

to said first member with a boundary between said 

central and peripheral portions being located within 

said chamber. 

0 *P o o 0 
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ABSTRACT 



A variable focus lens comprising a chamber (12) filled with 
a first hquid (13), a drop of a second liquid (11) being 
disposed at rest on a region of a first surface of an insulating 
wall of the chamber, the first and second liquids being non 
miscible, of different optical indexes and of substantially 
same density. The first liquid is conductive and the second 
liquid is insulating. The lens further comprises means for 
applying a voltage between the conductor liquid and an 
electrode (16) placed on the second surface of said wall; and 
centering means for maintaining the centering of the edge of 
the drop while the voltage is applied and for controUing the 
shape thereof. 

10 Claims, 3 Drawing Sheets 
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LENS WITH VARIABLE FOCUS According to an embodiment of the invention, the first 

surface is substantially flat, the contact region is circular and 

BACKGROUND OF THE INVENTION centered about an axis which is perpendicular to the first 

(1) Field of the Invention ^ surface. ^ , . . , 

^ . , L^ij^.,,^, According to an embodiment of the invention, the cen- 

Tlie present mvention relates to the field of vanable focal .^^ng means corresponds to a progressive thickening of the 

lenses aiid more specifically to liquid lenses havmg a second surface of the wall of the chamber towards said axis. 

variable electncally controlled focus. electrode being appUed against said second surface. 

(2) DescripUon of Related Art According to an embodiment of the invention, the cen- 
An article of B. .Berge entitled "Electrocapillaritg et tering means corresponds to a radial decrease of the wetting 

mouillage de films isolants par I'eau" published in 1993 in with respect to the first liquid, towards the center of said 

C.R. Acad. Sci. Paris, t. 317, serial II, pages 157 to 163, contact region with the second liquid, 

discloses a device comprising a drop of conductor Uquid According to an embodiment of the invention, the cen- 

placed on a dielectric film covering a flat electrode. A tering means corresponds to a radial gradient of the dielec- 

voltage may be applied between the liquid conductor drop 15 constant of said wall of the chamber at the level of said 

and the electrode. This article describes a theoretical study contact region with the second liquid 

of the wetting variation of a dielectric material with respect According to an embodiment of the invenUon, the first 

to a conductor liquid and shows that the wetting increases ^^^^^^^ substantially flat, the contact region 15 is circular 

substantially m presence of an electric field caused by the ^^^^^^^ ^^^^j axis perpendicular to the first surface, 

voltage exiting between the conductor liquid and the elcc- ^ ^^^^ comprises an electrode formed of 

trode. Tlas phenomenon is called electrowetUng by the ^^^^^^ ^^^^^^^ concentric strips insulated from each 

other, centered about said axis, the circular strips being 

U.S. Pat. No. 5,659,330 discloses a display device using supplied by distinct voltage sources of values decreasing 

the electro wetting phenomenon to vary the shape of a drop towards said axis. 

of opaque conductor liquid placed on a dielectric. This According to an embodiment of the invention, the cham- 

document does not suggest the use as an opUc lens. ^er is cylindrical, the first surface is the internal surface of 

An article ofVallet, Berge and Vovelle,"Electrowetting of the chamber, the contact region with the second liquid 

water and aqueous solutions on poly(ethylene terephthalale) corresponds to a cylindrical section of the chamber, the 

insulating films", published in Polymer, Vol. 37, N^ 12, 3^ centering means is comprised of one or several cylindrical 

pages 2465 to 2470, 1996, discloses a deformation of a electrodes of same diameter, insulated from each other, 

liquid conductor drop to which a voltage is applied. It is placed side by side against the external surface of the 

indicated that, when the applied voltage becomes too high, chamber at the level of the border of said contact region, the 

the surface of the drop becomes unstable, and microdroplcts electrodes being supplied by different voltages of values 

may be ejected at the periphery of the drop. decreasing towards the center of said contact region. 

According to an embodiment of the invention, the first 
surface is substantially flat, the contact region is rectangular 

This makes prior art systems inadequate for forming symmetric with respect to an axis perpendicular to the 

variable lenses. Moreover, these systems need a transparent ^''st surface and the centering means is comprised of an 

biasing electrode and a connection for the electrode, which electrode formed of one or several rectangular concentric 

makes the system difiScult to manufacture or inefficient. strips insulated from each other, symmetric with respect to 

An object of the present invention is to provide a lens ^^'f ^""^^ rectangular strips being supplied by distinct 

whose focus may vary continuously as a function of an ^^^^^S^ ^^"^^ °f decreasing values towards said axis, 

electric control, by using the phenomenon of electro wetting. According to an embodiment of the invention, said wall 

Anotherobjectofthepresentinventionistoprovidealens ^ comprised of two non parallel planes and in which said 

which is simple to manufacture. ^""^^^^ ^^^^ two planes. 

Another object of the present invention is to provide a lens BRIEF DESCRIPTION OF THE SEVERAL 

which is simple to use. VIEWS OF THE DRAWINGS 

For achieving these objects, the present invenUon pro- 50 The foregoing and other objects, features, aspects and 

vides a vanable focus lens comprising a chamber filled with advantages of the invention will become apparent from the 

a first liquid, a drop of a second liquid being disposed at rest following detaUed description of embodiments, given by 

on a region of a first surface of an msulatmg wall of the of illustration and not of limitation with reference to the 

chamber, the first and second liquids being non miscible, of accompanying drawings: 

different optical indexes and of substantially same density. 55 cTr^ iu uj* 1 

™ o . T- .J • J J i_ J 1- J • rlG. 1 shows a first embodiment of a vanable focus lens 

The first hquid is conductive and the second hquid is j- * *l 

^ r2 . r n 1 • accordiDg to the present invention; 

insulating. The lens further comprises means for applying a ^ ^ , 

voltage between the conductor liquid and an electrode , P^^- ^ shows a second embodiment of a variable focus 

placed on the second surface of said wall; and centering ^^"^ according to the present invention; 

means for maintaining the centering of the edge of the drop ^ ^^o^s a third embodiment of a variable focus lens 

while the voltage is applied and for controlling the shape according to the present invention; 

thereof. FIG. 4 shows a fourth embodiment of a variable focus 

According to an embodiment of the invention, the cen- I^ns according to the present invention; 

tering means allows a continuous maintaining of the cen- FIG. 5 shows a fifth embodiment of a variable focus lens 

tering of the drop and a continuous control of the shape of 65 according to the present invention; and 

the edge of the drop while a varying voltage is applied by FIG. 6 shows another embodiment of a variable focus lens 

said means for applying a voltage. according to the present invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shows a simplified cross-section view of a variable 
focus liquid lens according to a first embodiment of the 
present invention. A drop of an insulating liquid 11 is located 
on the internal surface of a wall of a dielectric chamber 12 
filled with a conductor liquid 13. The insulating liquid 11 
and the conductor liquid 13 are both transparent, not 
miscible, have different optical indexes and have substan- 
tially the same density. The dielectric 12 naturally has a low 
wetting with respect to the conductor liquid 13. A surface 
treatment 14 insuring a high wetting of the wall of the 
dielectric chamber with respect to the conductor liquid 13 
surrounds the contact region 15 between the insulating 
liquid drop 11 and the wall of chamber 12. The surface 
treatment 14 maintains the positioning of drop 11, prevent- 
ing the insulating Uquid from spreading beyond the desired 
contact surface. When the system is at rest, the insulating 
liquid drop 11 naturally takes the shape designated by 
reference A. "O" designates the axis which is perpendicular 
to the contact region 15 and passing through the center of 
contact region 15. At rest, the insulating liquid drop 11 is 
centered about axis 0 which constitutes the optical axis of 
the device. The elements of the device which are adjacent to 
axis O are transparent. An electrode 16, letting through light 
in the vicinity of axis O, is placed on the external surface of 
the wall of dielectric chamber 12, on which is situated the 
insulating liquid drop 11. An electrode 17 contacts the 
conductor liquid 13. Electrode 17 may be immersed in liquid 
13, or be a conductor deposition achieved on an internal wall 
of chamber 12. 

When a voltage V is established between electrodes 16 
and 17, an electrical field is created which, according to the 
above mentioned electrowetting principle, will increase the 
wetting of region 15 with respect to conductor liquid 13. As 
a consequence, conductor liquid 13 moves and deforms the 
insulating Uquid drop 11. A variation of the focus of the lens 
is thus obtained. 

However, the center of the drop is likely to move with 
respect to axis O during the deformation. Moreover, the 
outline of the contact surface is likely to lose its circular 
character during the deformation of the drop. An aspect of 
the present invention is to maintain the circularity of the 
drop and its concentricity with respect to axis O while its 
shape changes by generating an electric field which 
decreases radially towards the center of region 15. 

For avoiding this, according to an aspect of the present 
invention, a centering means for drop 11 is additionally 
provided. Examples of such centering means appear in the 
second to sixth embodiments of the invention described 
hereinafter. 

FIG. 2 shows a simplified cross-section view of a variable 
focus liquid lens according to a second embodiment of the 
present invention. Elements such as drop 11, axis O, cham- 
ber 12, conductor liquid 13, surface treatment 14, contact 
region 15 and electrode 17 are the same as those of the 
embodiment illustrated in FIG. 1. The positions A and B also 
correspond to the rest position of drop 11 and to the limit 
position of drop 11, respectively. In this second embodiment, 
the centering means comprises the generation of an electri- 
cal field which decreases radially towards the center of 
region 15. For this purpose, an electrode 26 is provided 
which has a surface which progressively departs from the 
surface of region 15 while approaching axis O. Such an 
electrode 26 may, for example, be obtained by depositing a 
metallic film on the lateral walls of a taper centered about 
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axis O, achieved on the external surface of the wall of 
chamber 12 on which is placed drop 11. An alternative 
embodiment may consist in depositing a metallic film on the 
surface of a transparent dielectric resin drop centered about 
5 axis O, attached to the external surface of the wall of 
chamber 12 on which drop 11 is placed. The top of the resin 
drop is planed in the vicinity of axis O to let the light 
through. 

One may increase voltage V from 0 volt to a maximum 
10 voltage which depends on the used materials. When the 
maximum voltage is reached, the insulating liquid drop 11 
reaches a limit position (designated by reference B). When 
voltage V varies continuously between O volt and its maxi- 
mum value, the insulating Uquid drop 11 continuously 
15 deforms from position A to position B. It will be noted that, 
drop 11 being of an insulating liquid, no microdroplets are 
produced at its periphery when the voltage is high, in 
contrast to what would happen if the drop was of a conductor 
liquid (see the above mentioned article of Vallet, Berge and 
20 Vovelle). 

FIG. 3 shows a simplified cross-section view of a variable 
focus liquid lens according to a third embodiment of the 
present invention. Elements such as drop 11, axis O, cham- 
ber 12, conductor liquid 13, surface treatment 14, contact 

^ region 15 and electrode 17 are the same as those of the 
embodiment described in FIG. 1. The positions A and B also 
correspond to the rest position of drop 11 and to the limit 
position of drop 11, respectively. 

In this third embodiment, on the external surface of the 
wall of chamber 12 is placed a group of three circular 
concentric electrodes, 35, 36 and 37, insulated from each 
other, and having O as axis. A voltage may be applied 
between each of electrodes 35, 36 and 37 and electrode 17; 
exemplary voltages VI, V2 and V3 are shown, each of 
which may vary. The voltages arc chosen at any time with 
decreasing values towards axis O so that the electric field 
generated by applying the voltages to electrodes 35, 36 and 
37 decreases radially towards the center of region 15. When 
voltages VI, V2 and V3 continuously vary between 0 volt 
and their maximum value, the insulating liquid drop 11 
deforms continuously between its rest position A and its 
limit position B. 

According to an alternative of this third embodiment, 

45 each electrode 35, 36 and 37 may be connected by a switch, 
either to a same voltage source V, either to ground. For a 
constant voltage V, the shape of drop 11 is then varied by 
varying the number of electrodes to which a voltage is 
applied. In this case, the focus variation is discrete and not 

5Q continuous. Only certain predetermined focuses can thus be 
obtained for the lens comprised of drop 11, but the benefit 
is then that the voltage control is relatively simple to 
implement. 

FIG. 4 shows a simplified cross-section view of a variable 
55 focus liquid lens according to a fourth embodiment of the 
present invention. Elements such as drop 11, axis O, con- 
ductor liquid 13, surface treatment 14, contact region 15 and 
electrodes 16 and 17 are the same as those of the embodi- 
ment described in FIG. 1. The positions A and B also 
60 correspond to the rest position of drop 11 and to the limit 
position of drop 11, respectively. 

In this fourth embodiment, the wall of the dielectric 
chamber 52 on which the insulating liquid drop 11 is placed, 
comprises a circular dielectric region 53, letting through the 
65 light about axis O. Region 53 has a low wetting with respect 
to conductor liquid 13 in the absence of a surface treatment 
14. Region 53 has been treated in such a way that its 
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dielectric constant varies radially and continuously towards Moreover, the present invention may be subject to various 

axis O, and that the electric field generated by voltage V has alternatives which will appear to those skilled in the art. 

a gradient which decreases radially towards axis 9 on the jhe surface of the dielectric chamber 12 of FIG. 1 may be 

contact region 15 When voltage V is varied continuously ^^^^^^^ ^ ^ ^^^^^ ^^tain a particular diopter 
between 0 volt and Its ma^mum value, the msulatmg liquid 5 value of the device at rest, 
drop 11 continuously deforms between its rest position A 

and its limit position B. contact region between the insulating liquid drop and 

HG. 5 shows a simplified cross-section view of a variable dielectric chamber may be treated for having a high 

focus liquid lens according to a fifth embodiment of the ^^"^og with respect to the insulating Uquid, m order to 

present invention. Elements such as drop 11, axis 0, dielec- simpHfy the positioning of the insulating Hquid drop, 

trie chamber 12, conductor liquid 13, contact region 15 and In the case of a dielectric chamber naturally having a high 

electrodes 16 and 17 are the same as those of the embodi- wetting with respect to the conductor liquid, the contact 

ment described in FIG. 1. The positions A and B also region may be achieved by a surface treatment adapted to 

correspond to the rest position of drop 11 and to the limit providing it with a low wetting with respect to the conductor 

position of drop 11, respectively. liquid. 

In this fifth embodiment, the surface of the wall of The surface treatment 14 may consist of depositing or 

dielectric chamber 12 on which the insulating liquid drop 11 slicking a fihn of a material having a high wetting with 

is placed has been treated at different regions 14, 65, 66 and respect to conductor liquid 13. 

67 such that the wetting of regions 14, 65, 66 and 67 with Electrode 16 of FIG. 1 may be replaced with a conductor 

respect to conductor liquid 13 decreases radially towards Uquid in contact with the external surface of chamber 12, 

axis O. A voltage V may be appUed between electrode 16 ^^y^^^^ y ^^^^ ^eing established between this conductor 

and electrode 17. The electric field generated by voltage V liquid and liquid 13 

increases the wetting of regions 14, 65, 66 and 67 but n v *li . ,- j • • 1 j- 

. , . ...... 1 ... J. . ii T7 • It will be possible to realize a device including an array 

maintains the initial wetting gradient. When voltage V varies r j r r *l .1 . n j • li 

t_ , n w J • 1 *i. u i- rormed of groups of three, separately controlled, vanable 

between 0 volt and its maximum value, the shape of the ^< ^ , f - I . . c 

I ,. .J J ^. , - i_ * .. . focus lenses, colored in red, green, and blue, operatmg, for 

insulating liquid drop 11 contmuously vanes between its rest 1 • u- j ^ • n • *u u 

A J 1- example, in a binary mode, stopping or allowing through 

position A and Its limit position B. i- . • .. r • *=• ^ ^ 

^ ^ . . r t lig"t onginating from a unique source 01 white light, thus 

FIG. 6 shows a simplified cross-section view or another c • „ . , «f ^ir,^ 

, . , ^ . . . , , , ... lormmg a luminous color screen which may be 01 big size 

embodiment of the present invention m which an insulating moderate cost 

liquid 11 occupies the bottom portion of a cylindrical 30 , .„ . * 

dielectric chamber and is covered by a conductor liquid 13. ^'^^ P^^^^'l^ '^^^'^^ ^ '^^^l^ 
The chamber is designated by reference 12. The materials mentioned centenng means are no longer used for main- 
composing elements 11, 12 and 13 are the same as those of ^^^"^"^ ^'^^ ^^'^^^^^ throughout ite deformation, but m 
the previous embodiments. J^""^'^^^ for making the drop go from a rest position 
. , ^ , ' ■ u- u *r * *u determined, for example, by the shape of the surface treat- 
A surface treatment 14 insuring a high wetting of the 35 . 1^ * u ^ , - ^ c 1 u 
, 11 f L i_ -.1. 7. XL J . ment 14, to an operating shape, determmed, for example, by 
internal wall of chamber 12 with respect to the conductor r T j -1 ^ 1/ • -li * . 

r^,.vi 11V oK«.,^ i< K^t„™^„ the outline of electrode 16. It is thus possible to create a 

liquid 13 is achieved above the contact region 15 between • i_a c i_ • _j- 

1- J xi. • . 1 _r f i_ u 11 Tn- _r Variable focus cylindncal leus by using a surface treatment 

liquid 11 and the internal surface of chamber 12. The surface ^ a c * / . j *- i*j -i^ r 

, , ^ u »u f 1- <i * L „ - 14 of rectangular shape and centenng electrodes 16 01 

treatment 14 allows the position of hquid 11 to be main- fgctan ular outline 

taincd for avoiding this liquid from spreading beyond the 40 . . ' 

contact surface. For simpUfying the description only the top ^^^^ P^^^^^^ ^PP^V P^^^^^^ mvention to a 

portion of liquid 11 will be considered and it will be called, ^^^i^^ *^^dging more than one wall of chamber 12, drop 11 

like in the previous embodiment, "drop 11", When the P^^^^^' example, m an angle or in a corner of 

system is at rest, the insulating liquid drop 11 naturally takes chamber 12. According to this alternative, an electrode 

the shape designated by reference A. Axis O is the axis of 45 °^ P^^^^^ °° ^^^^ ^^""^ "^^^^ 

chamber 12. At rest, the insulating liquid drop 11 is centered ^ "^^^^ ^^°P 1^^^^ ^^^^^^ ^^8^°"- 

about axis O which constitutes the optical axis of the device. Such an alternative would enable a vanable deflection pnsm 

Several electrodes 75, 76, 77, 78, 79 are placed about the achieved. 

external wall of dielectric chamber 12 in the vicinity of As an example of conductor liquid 13, one may use water 
contact region 15. The electrodes 75, 76, 77, 78, 79 are 50 leaded with salts (mineral or other) or any other liquid, 

insulated from each other and a voltage V is established organic or not, which is conductive or made conductive by 

between electrode 75 and an electrode 17 contacting the additionof ionic components. As an insulating liquid 11, one 

conductor liquid 13. The electrodes 76, 77, 78. 79 are biased ^se oil, an alcane or a blend of alcanes, evenluaUy 

through capacitive influence when voltage V is established. halogenated, or any other insulating liquid which is not 
At wall 12, the electric field generated by voltage v 55 miscible with conductor liquid 13. Chamber 12 may be 

decreases according to a longitudinal gradient from elec- comprised of a glass plate, treated with silanc or covered 

trode 75 towards electrode 79. When voltage V increases, with a thin coating of fluorinated polymer or of a sandwich 

conductor liquid 13 moves and deforms the insulating liquid of fluorinated polymer, epoxy resin, polyethylene, 

drop 11 . A variation of the focus of the lens is thus obtained. Voltage V wiU preferably be alternating in order to avoid 
The above-mentioned electric field gradient insures that the 60 the accumulation of electric charges throughout material 12 

drop permanently has a radial symmetry with respect to axis from the surface on which drop 11 is placed. 

0. When voltage V varies between 0 volt and its maximum In the exemplary embodiment of FIG. 1. ±op 11 has a rest 

value, the insulating liquid drop 11 varies continuously diameter of approximately 6 mm. The conductor liquid 13 

between its rest position A and its limit position B. and the insulating liquid of drop 11 being substantially of 
Those skilled in the art will be able to combine the 65 same density, drop 12 has a hemispheric shape. When it is 

features appearing in the various embodiments of the inven- at rest (position A), the edge of drop 11 is at an angle of 

tion described above. approximately 45 to the surface of chamber 12, In its limit 



12/16/2003, EAST Version: 1.4.1 



us 6,369, 

7 

position (position B), the edge of drop 11 is at an angle of 
approximately 90° to the surface of chamber 12. The 
described device, using as a conductor liquid 13 salt water 
of optical index 1,35 and, for the insulating liquid of drop 11, 
oil having an optical index of 1.45, achieves approximately 5 
40 diopters of focus variation for an applied voltage of 250 
volts and an electrical power of some mW. The frequency of 
the alternating voltage is in this case comprised between 50 
and 10,000 Hz, its period being substantially smaller than 
the response time of the system which is several hundredths lO 
of a second. 

The variable focus lens according to the present invention 
may have a size comprised between several tens of /an and 
several tens of mm, and may in particular be applied to the 
field of optoelectronic systems or to endoscopy. 

What is claimed is: 

1. A variable focus lens comprising a chamber (12) filled 
with a first liquid (13), a drop of a second Uquid (11) being 
disposed at rest on a region of a first surface of an insulating 
wall of the chamber, the first and second liquids being non 
miscible, of different optical indexes and of substantially 
same density, characterized in that: 

the first liquid is conductive; 
the second liquid is insulating; 
in that it comprises: 

means for applying a voltage between the conductor 
liquid and an electrode (16; 26; 35-37; 75-79) 
placed on the second surface of said wall; and 
centering means for maintaining the centering of the 30 
edge of the drop while the voltage is applied and for 
controlling the shape thereof. 

2. The variable focus lens according to claim 1, in which 
the centering means allows a continuous maintaining of the 
centering of the drop and a continuous control of the shape 35 
of the edge of the drop while a varying voltage is applied by 
said means for applying a voltage. 

3. The variable focus lens according to claim 2, in which 
the first surface is substantially flat, the contact region (15) 

is circular and centered about an axis (O) which is perpen- 4q 
dicular to the first surface. 

4. The variable focus lens according to claim 3, in which 
the centering means corresponds to a progressive thickening 
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of the second surface of the wall of the chamber towards said 
axis, said electrode (26) being applied against said second 
surface. 

5. The variable focus lens according to claim 3, in which 
the centering means corresponds to a radial decrease of the 
wetting with respect to the first liquid (13), towards the 
center of said contact region (15) with the second liquid. 

6. The variable focus lens according to claim 3, in which 
the centering means corresponds to a radial gradient of the 
dielectric constant of said wall of the chamber (53) at the 
level of said contact region (15) with the second liquid. 

7. The variable focus lens according to claim 1, in which 
the first surface is substantially flat, the contact region (15) 
is circular and centered about an axis (O) perpendicular to 
the first surface, and wherein the centering means comprises 
an electrode formed of one or several circular concentric 
strips (35-37) insulated from each other, centered about said 
axis, the circular strips being supplied by distinct voltage 
sources of values decreasing towards said axis, 

8. The variable foctis lens according to claim 1, in which 
the chamber is cylindrical, the first surface is the internal 
surface of the chamber, the contact region with the second 
liquid corresponds to a cylindrical section of the chamber, 
the centering means is comprised of one or several cylin- 
drical electrodes of same diameter, insulated from each 
other, placed side by side against the external surface of the 
chamber at the level of the border of said contact region, the 
electrodes being supplied by dififerent voltages of values 
decreasing towards the center of said contact region. 

9. The variable focus lens according to claim 1, in which 
the first surface is substantially flat, the contact region (15) 
is rectangular and symmetric with respect to an axis (O) 
perpendicular to the first surface and the centering means is 
comprised of an electrode formed of one or several rectan- 
gular concentric strips insulated from each other, symmetric 
with respect to said axis (O), the rectangular strips being 
supplied by distinct voltage sources of decreasing values 
towards said axis. 

10 . The variable focus lens according to claim 1, in which 
said wall is comprised of two non parallel planes and in 
which said region bridges said two planes. 

***** 
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